Introduction
Liver cancer is the second most common cause of cancer-related death worldwide, the fifth most common cancer among men and the ninth most common cancer among women. 1 Hepatocellular carcinoma (HCC) is responsible for ~90% of primary liver cancers. 2 In the United States, HCC is the fastest rising cause of cancer-related death, and its incidence has nearly tripled since the 1980s. 3, 4 Despite increased focus and research, the overall prognosis for HCC remains poor. Curative modalities, such as liver transplant, resection and radiofrequency ablation, do exist when HCC is diagnosed early; however, only ~15% of patients are eligible for such treatments (Table 1) . 3, 5, 6 The majority of patients are diagnosed with advanced-stage HCC, for which the median survival time is <50% at 1 year and only 12% at 5 years. 7, 8 Chemotherapy is rarely used for the treatment of HCC due to its minimal success rate of 10-20% and high levels of toxicity. 2 The only therapy currently approved by the Food and Drug Administration (FDA) for the treatment of advanced HCC is sorafenib, a tyrosine kinase inhibitor that has been shown to decrease cell proliferation and tumor angiogenesis. 9, 10 While sorafenib represents a major advancement in the treatment of HCC, its effects are modest, with the SHARP trial demonstrating an increase in overall survival from 7.9 months to 10.7 months and an increase from 2.8 months to 5.5 months in the median time to radiological progression. 10 It demonstrated even less robust benefits in the Asia-Pacific trial, with overall survival in the treatment group of 6.5 months and median time to radiological progression of 2.8 months. 9 Furthermore, after experiencing an initial response to treatment, most HCC patients develop a decrease in efficacy with sorafenib. 11 Many novel therapies are currently under investigation in clinical trials. In a recently published Phase III trial, regorafenib, an oral multikinase inhibitor, has demonstrated an increase in median overall survival (10.6 months vs. 7.8 months) and an increase in median progression-free survival (PFS; 3.1 months vs. 1.5 months) compared to placebo in patients with advanced HCC who have progressed on sorafenib. 12 To date, however, there are no FDA-approved second-line or salvage therapies for those patients who progress with or are intolerant to sorafenib. 13 One of the most promising new therapies under investigation is tivantinib (ARQ 197) , which has demonstrated positive results in early-phase clinical trials as a second-line agent for multiple solid tumors. This review focuses on tivantinib and its therapeutic profile in the management of HCC.
Development and pharmacology
Tivantinib is an oral, highly selective, non-ATP competitive inhibitor of c-MET receptor tyrosine kinase.
14 The MET proto-oncogene was initially discovered in human osteosarcoma, and it encodes for cellular mesenchymal-epithelial transition factor (c-MET). 15 c-MET and hepatocyte growth factor (HGF), its only known ligand, are necessary for normal embryonic development and tissue repair; however, their expression is normally very low and only found in cells of epithelial or mesenchymal origin. [16] [17] [18] When HGF binds to c-MET, there is activation of multiple metabolic pathways, including the mitogen-activated protein kinase, protein kinase B, mammalian target of rapamycin, phophatidylinositol 3-kinase and focal adhesion kinase, which can lead to tumor growth, proliferation, cell invasion and distant metastasis (Figure 1) . [19] [20] [21] Upregulation of the c-MET pathway is found in multiple cancers, including HCC, where it is present 20-40% of the time and is associated with increased risk for metastases and poor prognosis. 22, 23 HGF is also over-expressed in HCC, which results in increased hepatic regeneration and suppression of hepatocyte apoptosis. 24, 25 Similarly, livers with HCC have been shown to have high levels of mitogen-activated protein kinase, which can go on to activate the Raf/MEK/ ERK signaling pathway, leading to unopposed cellular proliferation, migration and survival. 25, 26 The inhibition of c-MET by tivantinib disrupts the deregulated signaling cascade, promotes apoptosis and inhibits cellular growth in those cells that express c-MET.
Munshi et al 14 demonstrated the selectivity of tivantinib by showing that tivantinib inhibited only four of 229 human kinases with a K i for c-MET of 355 nmol/L. It was noted that while a K i of 355 nmol/L is less than that of other available c-MET inhibitors, cellular assays demonstrated similar biochemical potency. Tivantinib targets the inactive, unphosphorylated form of c-MET, locking it in the inactive configuration and preventing downstream signaling. 27 Controversy does exist regarding the mechanism of action of tivantinib and whether c-MET inhibition is the major 
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Tivantinib and its potential in the treatment of HCC anti-tumor effect of the drug. Several studies have shown that tivantinib possesses cytotoxic activity, even in cells that lack c-MET. [28] [29] [30] [31] [32] Other proposed mechanisms include microtubule, glycogen synthase kinase 3, cyclin B1 and proteasome inhibition. Microtubule inhibition is the most widely theorized alternative mechanism of action, with three independent in vitro studies corroborating this hypothesis. [29] [30] [31] Significant challenges to this alternative hypothesis have been raised. Notably, in vivo studies have not documented evidence of neurotoxicity, which is known to be a major adverse effect of microtubule inhibitors. 23 Similarly, tivantinib has demonstrated only minimal, if any, response in patients who have tumors with low levels of MET expression, while those tumors with high levels of MET have had the most profound responses to the drug. 33, 34 From a pharmacokinetic standpoint, tivantinib has an oral bioavailability of >20%, with a half life of 29 minutes. It is metabolized by the CYP2C19 and CYP3A4 pathways, with 19% elimination via the kidneys and 68% via the stool. 35 Possible drug interactions could occur with known CYP2C19 inhibitors, such as clopidogrel, esomeprazole, fluconazole, fluoxetine and omeprazole, or with known CYP2C19 inducers, such as carbamazepine, phenytoin and rifampin. Maximum inhibition of c-MET is obtained after just 24 hours of treatment, and this effect is sustained for 12 hours after the drug is withdrawn.
36

Clinical studies
Three Phase I trials have evaluated tivantinib monotherapy in samples without HCC and found tivantinib to be well tolerated with mild clinical benefit. [37] [38] [39] The first of these was conducted as an open-label, sequential 3 + 3 dose escalation design with an initial dose of 100 mg BID at a single center in the United Kingdom. 37 Fifty-one patients with advanced solid organ tumors including prostate, melanoma, gastric, colorectal, sarcoma and breast were included in the trial. No patients with HCC were enrolled. The primary objective was to evaluate safety and tolerability and determine the maximum tolerated dose (MTD), establish a recommended Phase II dose (RP2D) and define dose-limited toxicities. Tivantinib was deemed safe and well tolerated, with an MTD/RP2D of 360 mg BID. Stable disease was observed in 14 patients, as defined by Response Evaluation Criteria in Solid Tumors. 40 Similarly, a multicenter open-label single-arm dose escalation trial with an initial dose of 10 mg BID was conducted in the United States. 38 Seventy-nine patients with advanced solid organ tumors, including colorectal, renal, ovarian, pancreatic, sarcoma and thyroid among others, were enrolled. No HCC patients were included in the sample. Tivantinib was well tolerated, with an MTD/RP2D of 360 mg BID. The PFS for all 79 patients was 77% at 6 weeks, 52% at 12 weeks and 34% at 21 weeks.
The same concept was evaluated in Japan in a multicenter dose-escalating open-label trial with a 3 + 3 design at an initial dose of 70 mg BID. 39 Forty-seven Japanese patients with solid organ tumors were enrolled, although no HCC patients were included in the cohort. It is of interest that these patients were enrolled based on their CYP2C19 polymorphism status. The CYP2C19 enzyme plays a key role in the metabolism of tivantinib. It has been shown that 30-80% of Asians have a genetic polymorphism of CYP2C19, making them very poor metabolizers of tivantinib. This same polymorphism, in contrast, is found in only 12-19% of Whites or Blacks. 41 Tivantinib was well tolerated by both normal and poor metabolizers of CYP2C19, although a dose adjustment down to 240 mg BID was recommended for poor metabolizers.
The first study of tivantinib monotherapy in patients with HCC was a Phase IB study conducted by Santoro et al. 42 Three hundred and sixty milligrams of tivantinib was administered twice per day to 21 adult patients with Child-Pugh A and B cirrhosis and HCC in 28-day treatment cycles. All 21 patients eventually discontinued the treatment, 17 due to disease progression and four due to adverse events. Only 16 patients were able to be evaluated for tumor response, and while none of them demonstrated any objective response to therapy, nine did show stable disease ( Table 2 ). The overall median time to disease progression was 3.3 months (range 1.47-5.3 months) among those who were able to be evaluated and 1.8 months (range 1.6-5.3 months) in the intention-to-treat analysis. Pharmacokinetic analysis found significant tivantinib accumulation in the plasma of HCC patients compared to the accumulation in other solid tumors, but no correlation was found between tivantinib exposure and adverse events. Several years later, a Phase I trial using tivantinib monotherapy was performed in a Japanese sample with advanced HCC. 43 Only 28 patients were included in the trial, and though the authors found no complete or partial responses, they did see stable disease in 20 of the 28 patients. 
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Multiple Phase I studies have been performed using tivantinib as part of a combination therapy with sorafenib, sunitinib, erlotinib and gemcitabine. [44] [45] [46] [47] A preclinical study showed that tivantinib and sorafenib had an additive effect in three HCC cell lines (JHH-4, PLC/PRF/5 and SK-Hep-1) but did not find any degree of synergy between tivantinib and sunitinib in any of the 87 cancer cell lines tested. 48 One of the clinical trials, a Phase I trial, assessed the combination of tivantinib and sorafenib in 87 adults with advanced solid organ tumors. 44 Twenty patients had HCC with Child-Pugh A (n=14) and B (n=6) cirrhosis. An overall response rate of 11.5% and a 10% response in the HCC population were observed. Among the HCC patients, there was one complete response, one partial response and 12 cases of stable disease. Interestingly, both the complete response and the partial response were noted in patients who had a high concentration of tumor MET, and overall three of four patients with high concentrations of tumor MET achieved disease control. The median PFS was 3.5 months (95% confidence interval [95% CI]: 3-11.1), and the disease control rate was 70%. Patients with HCC who had received prior treatment with vascular endothelial growth factor (VEGF) therapy, sorafenib and/or sunitinib had a longer PFS than those who did not receive prior VEGF therapy (15.9 months [95% CI: 1.7-15.9] vs.
months [95% CI: 3-7.4]).
A pooled analysis was conducted by Chai et al 46 on all Phase I studies with tivantinib in HCC and biliary tract cancer patients. Overall, 53 patients were treated with tivantinib: 42 were diagnosed with HCC, ten with cholangiocarcinoma and one with gallbladder adenoma. Twenty-three patients received tivantinib monotherapy, and 30 received a combination of tivantinib and either sorafenib (n=20), gemcitabine (n=8) or erlotinib (n=2). The overall response rate was 6%, but the disease control rate was 62%, with one complete response, two partial responses and 30 cases of stable disease.
Based on positive results from Phase I trials, a Phase II international multicenter double-blind randomized placebocontrolled trial was conducted. 34 One hundred and seven adult patients with advanced-stage HCC who had previously progressed or had demonstrated intolerance to one prior systemic therapy (sorafenib or sunitinib) were randomized in a 2:1 ratio to receive tivantinib or placebo. The initial dose of tivantinib was 360 mg BID; however, this was later decreased to 240 mg BID due to a higher than expected incidence of grade 3 or higher neutropenia. In total, 38 patients received tivantinib 360 mg BID, 33 Based on the significant benefits seen in the MET-high group in the above-mentioned Phase II study, two Phase III trials have been initiated to further evaluate the benefit of tivantinib in patients with MET-high HCC tumors. The METIV-HCC trial (NCT01755767) is a large international randomized double-blind, placebo-controlled trial comparing tivantinib 120 mg BID to placebo in patients with MET-high HCC tumors who have failed or progressed with sorafenib. 49 The primary end point is overall survival, and secondary end points are PFS and safety. This study has enrolled over 300 participants. A planned interim analysis was recently completed, and the study will continue to the final analysis as recommended by the data monitoring committee. 50 The JET-HCC trial (NCT02029157) is a randomized, double-blind, placebo-controlled trial being conducted in Japan to evaluate the effect of tivantinib at 120 mg BID on MET-high HCC in patients previously treated with one prior course of sorafenib therapy. The primary end point of this study is PFS, and the secondary end point is overall survival. The study is currently recruiting patients, with a goal of 160 patients. The estimated study completion date is December 2016. 
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Dosing and toxicity
Tivantinib dosing for HCC has continued to evolve as more studies have been performed in this patient population. The two initial Phase I dosing trials did not include any patients with HCC, and both recommended a tivantinib dose of 360 mg BID. 37, 38 The three most common adverse events in both trials were fatigue, nausea and vomiting. Dose-limiting toxicities observed by Yap et al included one case of grade 3 fatigue at 200 mg BID, two cases of febrile neutropenia at 400 mg BID and one incidence of a combination of mucositis, palmar-plantar erythrodysesthesia and hypokalemia at 400 mg BID. Two cases of pancytopenia, vomiting and dehydration at 360 mg BID were seen in the Rosen et al trial. The hematologic toxicity associated with tivantinib is expected, as HGF promotes hematopoiesis by stimulating production of cytokines by the stromal cells in the bone marrow. 51, 52 The Santoro et al 42 trial was the first to evaluate tivantinib dosing exclusively in HCC patients. Based on the results of prior studies, a starting dose of 360 mg BID was selected. Overall, 20 of the 21 patients developed a drug-related event, with the most frequent events being neutropenia (52%), anemia (48%), asthenia (48%) and leukopenia (38%). Eleven patients (52%) developed adverse reactions that were grade 3 or grade 4 in severity, the most common of which were neutropenia (73%), anemia (45%) and leukopenia (36%). In general, neutropenia was the main cause of dose reduction, treatment interruption and treatment discontinuation. Four patients developed a serious adverse reaction that required treatment discontinuation. These reactions included one case of grade 3 anemia, one case of grade 3 anemia and grade 4 neutropenia, one case of grade 4 leukopenia and grade 4 neutropenia, and one case of grade 4 neutropenia with grade 5 septic shock leading to death. Due to interpatient variability, the authors did not find any correlations among adverse events with tivantinib dose, exposure or Child-Pugh status; however, they did recommend that tivantinib dosing in HCC patients be reduced to 240 mg BID due to the high amount of hematologic toxicity.
A pooled analysis from all Phase I/IB and Phase II studies assessed the exposure response of tivantinib in 289 patients, 73 of whom had HCC. 53 The pharmacokinetic analysis demonstrated that the clearance of tivantinib in HCC patients was reduced by 67%, which resulted in a threefold increase in exposure compared to other types of cancer. A significant relationship was also found between tivantinib exposure and incidence of grade ≥2/3 neutropenia. The authors suggested that a starting dose of 240 mg BID of tivantinib rather than 360 mg BID would result in a decrease in the incidence of grade ≥3 neutropenia from 28% to 16% in HCC patients.
Similar results were seen in a later Phase II trial by Santoro et al, 34 in which the treatment dose was reduced from 360 mg BID to 240 mg BID due to a high incidence of grade ≥3 neutropenia. Overall, hematologic toxicities (neutropenia, anemia and leukopenia) occurred more frequently in the tivantinib group than in the placebo group, and the incidence of grade ≥3 neutropenia was higher in the tivantinib 360 mg BID group than either the tivantinib 240 mg BID or the placebo group. There was even a trend toward longer overall survival in the tivantinib 240 mg BID group (7.5 months, 95% CI 4.4-not available) compared to the 360 mg BID group (6.4 months, 95% CI 4-9). Both the currently active Phase III trials, METIV-HCC and JET-HCC, are evaluating tivantinib at 120 mg BID. The METIV-HCC trial initially started patients on 240 mg BID; however, the dose was decreased to 120 mg BID in response to a higher than expected incidence of neutropenia. 54 However, it should be noted that the METIV-HCC trial used a different formulation of tivantinib than the Santoro et al Phase II trial. 23 Once the dose was decreased to 120 mg BID, a safety analysis showed that a dose of 120 mg BID of the new formulation resulted in an incidence of neutropenia similar to that seen at a dose of 240 mg in the Phase II trial. 55 In addition, a pharmacokinetic analysis showed that the plasma exposure of the new formulation at 120 mg BID was comparable to that of the capsule formulation used in the Santoro et al trial. 55 The JET-HCC trial set its dosing at 120 mg BID based on dosing studies in Japanese samples. 43 Patients with a CYP2C19 polymorphism may require even lower doses of tivantinib. Yamamoto et al 39 were the first to examine the effect of the CYP2C19 polymorphism in patients taking tivantinib. Forty-seven patients were included in the study, 14 of whom were considered poor metabolizers. The study was unable to demonstrate a relationship between dose level and plasma exposure; however, it was found that the mean exposure of tivantinib in poor metabolizers at 240 mg BID was equivalent to that of normal metabolizers at a dose of 360 mg BID. Based on this finding, the authors recommended that those with the CYP2C19 polymorphism receive doses of 240 mg BID, while those with normal CYP2C19 enzymes receive 360 mg BID. This study did not include any patients with HCC. A second trial was conducted by Okusaka et al 43 to specifically look at tivantinib dosing in those with the CYP2C19 polymorphism and HCC. Twenty-eight patients were included in the study, seven of whom had the CYP2C19 polymorphism. All patients tolerated tivantinib at a dose of 120 mg BID, but once the dose was increased to 240 mg BID, five of nine normal metabolizers developed doselimiting toxicities, either neutropenia or febrile neutropenia, which resolved with drug interruption and treatment with 
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Pievsky and Pyrsopoulos granulocyte colony-stimulating factor medications. Because normal metabolizers were unable to tolerate a dose of 240 mg BID, those with the CYP2C19 polymorphism were never escalated to a dose higher than 120 mg BID. The authors concluded that Japanese patients with HCC were unable to tolerate a dose of tivantinib >120 mg BID, irrespective of CYP2C19 polymorphism status. This study served as the basis for the dosing regimen in the JET-HCC trial.
Future directions
The future of tivantinib, like that of many other drugs, rests on appropriate patient selection. The identification of biomarkers for tivantinib sensitivity is an active area of research with promising early results. The first biomarker for tivantinib in HCC patients was tumor MET status. It was published that patients with MET-high tumors showed a significant survival benefit, with longer median TTP (2.7 months vs. 1.4 months), longer median PFS (2.2 months vs. 1.4 months) and longer median overall survival (7.2 months vs. 3.8 months) on tivantinib compared to placebo. 34 No difference in efficacy was found between tivantinib and placebo in patients with MET-low tumors. In a combination study of tivantinib with sorafenib, the combination therapy demonstrated a trend toward significance regarding increased disease control rate, defined as the combination of complete responses, partial responses and stable disease for at least 8 weeks. 44 While only four cases of MET-high HCC were observed, three of the four patients achieved disease control. Based on these promising results, both of the active Phase III trials are evaluating tivantinib in HCC patients with MET-high tumor status.
A preclinical study evaluated whether HGF tumor concentration could be used as a marker for HCC, but no significant differences were found between HGF-high and HGF-low groups in clinicopathological factors or patient outcomes. 56 A more recent study that specifically evaluated MET, HGF and AFP as circulating biomarkers (by 75 percentile) found that they were prognostic markers for overall survival in patients with HCC. 57 Circulating MET was also a pharmacodynamic biomarker for tivantinib: patients on treatment with a ≥10% decrease in circulating MET levels demonstrated increased overall survival compared to those with a <10% decrease (13.3 months vs. 6.3 months; HR: 0.46 [95% CI: 0.24-0.86], p=0.01). Additionally, tumor MET levels were correlated with response to tivantinib treatment, the only biomarker thus far to predict response to treatment. These results support the use of tivantinib exclusively in MET-high tumor patients, although more definitive data will be forthcoming with the results of the METIV-HCC trial, which will analyze over 900 tumor samples and validate the use of select biomarkers in HCC.
Additional studies are needed to assess the use of tivantinib in those with more severe cirrhosis. The vast majority of trials have evaluated tivantinib in patients who are Child-Pugh Class A, with only a few trials including patients who are Child-Pugh Class B. Although theoretically tivantinib could also be used for those who are Child-Pugh Class C, this has not yet been studied. Moreover, it may not be safe to attempt such a trial given the anticipated side effects. Nevertheless, future development of more specific targeted biologic markers may enable treating physicians to administer agents such as tivantinib in a safer and more effective way.
Conclusion
Tivantinib, a potent inhibitor of c-MET, appears to be a promising therapy for those with advanced-stage HCC that has progressed or is intolerant to sorafenib. Tivantinib has demonstrated increased overall survival, PFS and TTP compared to placebo in patients with MET-high tumors. Serious hematologic side effects (neutropenia, anemia and leukopenia) are anticipated to be less prominent at lower dosing regimens (120 mg BID), at which dose good treatment efficacy is still maintained. Two large Phase III trials, METIV-HCC and JET-HCC, are currently ongoing. To date, there is no FDA-approved salvage or second-line therapy for patients with HCC who have failed or progressed with sorafenib. Whether tivantinib will be able to fill that need still remains to be determined.
